ABSTRACT Two 5-d bioassays were conducted to explore the P physiological threshold in broilers based on plasma inorganic P (iP), urinary P and Ca, and excreta P and Ca measurements in non-colostomized and colostomized broilers fed with different concentrations of non-phytate P (NPP) and Ca. In Experiment 1, 80 40-day-old Cobb 500 non-colostomized male broilers were assorted into 8 groups consisting of 10 broilers each and placed in individual metabolic cages. Similarly, 8 colostomized broilers of same age were allotted to 8 individual metabolic cages. The experimental diets consisted of a corn soybean meal basal containing 0.17% phytate P (PP) with 8 concentrations (0.08, 0.13, 0.18, 0.23, 0.28, 0.33, 0.38, and 0.45%) of NPP. The dietary Ca concentration was maintained at 0.5% by adjusting a 185-micron particle size limestone with each concentration of added P from added calcium phosphate, dibasic, monohydrate. After Experiment 1, broilers were fed a standard grower diet for 5 d and Experiment 2 was conducted the same as Experiment 1; however, Ca was maintained at 0.9% for all test diets. Plasma iP, urinary P and Ca, and total P (TP) and Ca retention along with phytate P hydrolysis were measured. At 0.5% Ca dietary level, the inflection points for dietary NPP obtained from segmented line regression analysis for plasma iP, urinary P, and urinary Ca were 0.26% (±0.04 SE), 0.28% (±0.01 SE), and 0.30% (±0.04 SE), respectively. The similar values for 0.9% Ca diets were 0.27% (±0.03 SE), 0.21% (±0.03 SE), and 0.30% (±0.0 SE), respectively. In summary, the present findings suggest that an increased dietary NPP would increase plasma inorganic P concentration along with increased % retention of TP and NPP until the broilers reach a point of physiological steady state (7.51 mg iP/dL -8.13 mg iP/dL as found in this study). Excess P beyond physiological threshold is eliminated in urine coupled with decreased % retention.
INTRODUCTION
Understanding total or non-phytate phosphorus (NPP) retention, and phytate P (PP) hydrolysis in poultry is of economical and ecological importance. In order to retain the amount of P that is available in the body either by means of PP hydrolysis utilizing exogenous phytase supplementation or through inorganic P (iP) supplementation, the optimum ratio of Ca: NPP or Ca: total P (TP) is important. In addition to formulating feed for the correct ratio of calcium (Ca) to NPP, adequate levels of Ca and NPP are important to cause bone deposition instead of bone resorption. Positive correlation (R 2 = 0.95) exist between the phytase activity, phytate phosphorus, and total phosphorus in cereal grains (Viveros et al., 2000) . It can be of partic-C 2017 Poultry Science Association Inc. Received April 30, 2017. Accepted November 27, 2017. 1 Corresponding author: ccoon@uark.edu ular interest to know how dietary inclusion of different levels of NPP in corn-soy based diet would influence the overall P release, absorption, and retention in birds. When broilers receive P concentrations that are higher than the physiological threshold or homeostasis needed for maximum utilization and retention, there is a possibility that the additional P will be eliminated most likely through the kidney (Leske and Coon, 2002) . The research findings of Manangi and Coon (2008) show that feeding increasing concentrations of dietary NPP (0.08 to 0.45% NPP and 0.5% Ca) with inclusion of 1,000 FTU/kg phytase produce the highest P retention of 71.9% with 0.08% inclusion of NPP and not at the higher concentration levels of NPP. Phytase supplementation in diets help increase iP concentration in plasma linearly when there is increased dietary NPP level (Kornegay et al., 1996) . However, Singh et al. (2003) found that the relative retention of iP in plasma by phytase supplementation was not significant after 0.30% NPP. Also, diets with constant NPP content but differing in phytase levels (exponentially) did not show 522 relative differences in plasma iP content (Taheri et al, 2015) . These studies with phytase inclusion levels and plasma iP indicate that birds exhibit P homeostasis and eliminate the additional P and the plasma iP becomes constant when physiological requirement is met. Huber et al. (2006) has shown that hens' exhibit the P homeostatic response mainly due to adaptive capacity of the kidney. They studied homeostatic response of jejunal and renal epithelia regarding the iP transport capacities to variations in dietary TP supply in hens. One of the measures taken in their study to determine the adaptive processes was quantitative measurement of P intake and its fecal excretion. Their conclusion was that the hen's homeostatic response was mainly based on the adaptive capacity of the kidney. Other studies such as Van der Klis et al. (1997) and Rodehutscord et al. (2002) have reported that ∼90% of the TP absorption occurs in the ileum or pre-cecal region and P reappearing almost completely in excreta (398 mg/d for intake of 411 mg/d) suggest an adaptive role of kidney to variable P intake. The results of quantitative measurement of P intake and its excretion through excreta/digesta (as mentioned in earlier studies) are difficult to interpret in balance studies as chicken excreta contains P from feces and urine in different proportions and when diets/dietary ingredients differ in P content or biological availability.
Recently, Manangi et al. (2007) reported a colostomy technique for both broilers and broiler breeder hens which provided an opportunity for researchers to separate urine P and Ca from the feces P and Ca. A balance study was conducted using non-colostomized broilers to determine P retention and plasma P and then compared with the urinary excretion pattern for P from colostomized broilers from same group in an attempt to elucidate P homeostasis and physiological threshold that potentially exists in broilers. To the author's knowledge, there is no literature report that shows how P and Ca are being excreted in chicken urine on a quantitative basis per 24-h period when the broilers are fed a wide range of dietary NPP. The main objectives of present study were to assess the effects of increasing concentrations of dietary NPP on a) plasma P levels in non-colostomized broilers and b) the urinary excretion of plasma P and Ca in colostomized broilers in an effort to show the existence of P homeostasis or physiological threshold.
MATERIALS AND METHODS

Experiment 1
Male broiler chicks (Cobb 500) were offered a standard starter diet (nutrient content equal or greater than suggested by NRC, 1994) in floor pens until 40 d of age. Broilers (n = 80) with uniform body weights (2.27 ± 0.15 kg) were then placed in individual metabolic cages (38 cm wide × 51 cm long × 38 cm high) and offered the test diets (Table 1a and 1b) consisting of 8 concentrations (0.08, 0.13, 0.18, 0.23, 0.28, 0.33, 0.38, and 0.45%) of NPP combined with a fixed concentration of 0.5% Ca and 0.17% phytate P (Table 1a , Experiment 1). The Ca and NPP levels in the diets were adjusted by adding a small particle limestone (Unical S, ILC Resources, Des Moines, IA) with a mean particle size of 185.5 microns and a solubility of 58.8% (Zhang and Coon, 1997) and reagent grade calcium phosphate, dibasic, monohydrate (Product C129-12, Fisher Scientific, Fairlawn, NJ) to the basal diets. Birds were fed each of the 8 test diets for 5-d period. A 23:1 h light to dark schedule was provided. Two percent acid insoluble ash (Celite) was added to the feed and used as a digestive marker. Birds were acclimated to the cages for 48 hbefore the sample collection. Excreta samples were collected for last 72 h at 24-h intervals. The excreta from individual birds were collected on trays, frozen (-20 • C), and freeze-dried and ground prior to analysis. The 72-h excreta samples were pooled for analysis. To avoid repeated stress on birds, the blood sample collection was restricted to d 5 only instead of d 3, 4, and 5 of the experiment. Blood samples were collected in heparinized vials from 5 birds for each treatment group. Plasma samples were separated after centrifuging (at 2,000 × g for 10 min) and blood samples were stored at -20
• C. Birds were given ad libitum feed and water for the entire duration of the experiment. Feed consumption and weight gains were recorded during the entire 5-d period of the experiment.
Cobb-500 broilers, d 40, of uniform body weights (2.27 ± 0.15 kg) selected from the same flock (mentioned earlier) were colostomized (n = 8) based on the procedure of Manangi et al. (2007) . Each colostomized bird was fed each of the same 8 different experimental diets mentioned above and housed using same lighting and environmental temperature programs as the non-colostomized broilers. Total urine from each colostomized broiler was collected for last 3 days of 5-d experiment. The urine collected each d was pooled for each 24 h period for the Ca and P analysis. The urine and feces collection procedure was based on the procedure of Manangi et al. (2007) .
Experiment 2
After Experiment 1, the same birds were fed a standard grower (nutrient content equal or greater than suggested by NRC, 1994) diet for a 5-d adaptation period. When the birds were 50 d of age, Experiment 2 was initiated by feeding the broilers test diets containing 0.9% Ca. The Experiment 2 test diets were similar to Experiment 1 test diets except for the dietary Ca level (Table 1a) . Dietary Ca and P levels were adjusted using the 185-micron Unical S small particle limestone and reagent-grade calcium phosphate, dibasic, monohydrate.
The analyzed values of the experimental diets are given in Table 1b . Animal use protocol 0,3008 for both experiments was approved by the Institutional Animal Care and Use Committee (IACUC), University of Arkansas, AR. 1 The basal diets (diet 1) were formulated to provide 0.5% Ca for Experiment 1, 0.9% Ca for Experiment 2, and 0.25% total P, 0.08% non-phytate P, and 0.17% phytate P for both Experiments 1 and 2. Cellulose, limestone and CaPO 4 were used to manipulate Ca and P concentrations in all the experimental diets to maintain a constant Ca (0.5% for Experiment 1 and 0.9% for Experiment 2) and phytate P (0.17%) concentrations with total non-phytate P concentrations of 0.08, 0.13, 0.18, 0.23, 0.28, 0.33, 0.38, and 0.45% for diets from 1 to 8, respectively. 
Feed, Excreta, Plasma and Urine Analyses
The diets and excreta collected from Experiments 1 and 2 were analyzed for total P and Ca by inductively coupled plasma (ICP) emission spectroscopic method as described by Leske and Coon (2002) . Plasma iP was measured using iP reagent kit (Bayer Healthcare LLC, Tarrytown, NY). Acid insoluble ash was determined in experimental diets and excreta samples, using dry ash and hydrochloric acid digestion technique of Scot and Balnave (1991) . Diet and excreta phytate P was measured as inositol hexa-phosphate by using ion-exchange chromatography as described by Bos et al. (1991) . Moisture in both feed and excreta were determined by using standard AOAC procedures 934.01 (AOAC, 1990) . Retention values of total P, phytate P, and NPP were determined using the diet and excreta P, and acid insoluble ash concentrations with a marker digestibility equation reported by Scott and Balnave (1991) . Urine samples collected were kept frozen and thawed at RT to measure pH. The pH of pooled urine samples collected for a 24 h period was measured using a pH meter (Model 420A, Orion Research, Inc., Beverly, MA) on a 24 h basis. The urine samples from the colostomized birds were centrifuged at 2,500 rpm for 15 min. The precipitate was freeze-dried. Both the supernatant and the precipitate were analyzed for Ca and P using ICP and the values were combined for quantification.
Statistical Analysis
'Data from Experiment 1 and 2 were analyzed by a GLM procedure (SAS Institute, 1999) . Orthogonal polynomial contrasts was used to determine the linear and quadratic response of increasing dietary NPP concentrations. The responses were considered significant at P < 0.05. To determine inflection points, part of the data in both the experiments were analyzed by 1-slope broken-line and 2-slope broken line regression analysis as mentioned in Coon et al., 2007 . The data from the colostomized broilers were also analyzed by 1-slope broken-line regression analysis.
RESULTS
Experiment 1
The broilers showed a linear increase in intake of TP, PP, and NPP when fed test diets containing increasing concentrations of NPP (Table 2 ). There was a quadratic effect of NPP on TP retention, PP hydrolysis, and NPP retention, whereas the Ca retention increased linearly. The plasma iP increased from 4.81 mg/dL (±0.44 SE) for broilers fed 0.08% dietary NPP to the breakpoint at 8.13 mg/dL (± 0.31 SE) for broilers fed 0.26% NPP (±0.04 SE) (Table 4; Figure 1a ). The TP loss in urine in broilers was ≤6 mg/24 h until 0.28% NPP. Total urinary excretion of P per d at 0.33% dietary NPP was 18 mg and went up linearly as high as 233 mg at 0.45% dietary NPP (Figure 2a) . The 24 h Ca loss in urine was as high as 154 mg/24 h period at 0.13% NPP with the urine daily Ca loss decreasing to ∼2 mg or less at the breakpoint of 0.30% NPP (±0.04 SE) (Figure 3a) .
The PP disappearance was 35.1% for broilers fed the lowest level of dietary NPP (0.08%) and decreased to 17.93% (±1.62 SE) for broilers fed 0.28% (±0.04 SE) NPP. Broilers fed dietary NPP levels above the breakpoint of 0.31% produced the similar PP disappearance (Figure 4a ). The retention of TP increased to 53.87% (±2.88 SE) as the levels of dietary TP increased up to 0.46% (±0.04 SE) [(break point at 0.29% NPP; Figure 5a )], and as the levels of total P increased further beyond 0.46%, the retention of total P started declining. Ca retention showed a linear increment until 45.29% (±4.62 SE) retention with the increasing dietary NPP. The breakpoint for Ca retention was at 0.31% (±0.08 SE), beyond which the increase in Ca retention was not observed (Figure 6a ).
Experiment 2
The broilers showed a linear increase in intake of TP, PP, and NPP when fed test diets containing increasing concentrations of NPP (Table 3 ). There was a quadratic effect of NPP on TP retention, PP hydrolysis, NPP retention, and Ca retention.
With 0.9% dietary Ca level, the plasma iP was at 4.56 mg/dL (±0.66 SE) with 0.08% dietary NPP (or 0.25% total P) and showed a gradual increase with increasing dietary NPP. The plasma iP reached a plateau at 7.51 mg/dL (±0.20 SE) with 0.27% (±0.03 SE) dietary NPP (Table 4 ; Figure 1b) . Total urinary excretion of P per d remained low at its baseline (<3 mg) from 0.08% NPP to 0.21% (±0.03 SE) and a further increase in dietary NPP resulted in a linear increase in excretion of total urinary P reaching as high as 66.58 mg (±10.26 SE) at 0.45% NPP (Figure 2b) . Conversely, the 24 h Ca loss in urine was as high as 424 mg/24 h period (±55.04 SE) at 0.08% NPP with the urine daily Ca loss decreasing to ∼10 mg at the breakpoint of 0.30% (±0.06 SE) NPP (Figure 3b) .
The PP disappearance showed a linear decline from 55.3% for broilers fed the lowest dietary NPP (0.08%) level to 14.1% (±1.64 SE) for broilers fed 0.29% (±0.02 SE) NPP (break point- Figure 4b . The PP disappearance remained steady at 14.1% for broilers fed dietary levels of NPP above 0.29%. The retention of TP increased from 36.44% (±2.01 SE) to 51.82% (±1.76) as the levels of dietary TP increased from 0.28% to 0.42% (±0.03 SE) [(0.25% NPP) (break point; Figure 5b )] and TP retention declined for broilers fed levels of TP higher than 0.46%. The Ca retention improved until 33.44% (±1.91 SE) with the increasing dietary NPP where its breakpoint was observed at 0.24% (±0.02 SE), beyond which the increase in Ca retention was not observed (Figure 6b ).
DISCUSSION
The present bioassays were undertaken to explore the pattern of variation in plasma iP, Ca, and total urinary P and Ca excretion in relation to different levels of dietary NPP at a fixed normal level of phytate P and at 2 different levels of Ca. Birds were colostomized using the technique developed by Manangi et al. (2007) to collect the urine samples. Considering the procedure required for colostomy and the necessity of a recovery period, it was difficult to have a large number of colostomized chicks available that were less than 50d of age. To minimize variation in readings (P and Ca excretion) that could arise due to the limited number of colostomized birds, the urine in colostomy bags was sampled 3 different times from each broiler from each treatment and the readings for P or Ca loss per 24 h were averaged.
The levels of urinary P excretion in both groups fed at 0.5% and 0.9% Ca remained low (0-15 mg/24 h) until the inflection point (∼0.25% NPP). At highest NPP level fed (0.45%), the total urinary P excretion from broilers fed the 0.5% Ca diets was ∼235 mg/24 h and broilers fed the 0.9% Ca diets excreted only ∼67 mg during the same time. Conversely, broilers fed diets containing the lowest level of dietary NPP (0.08%) and 0.50% Ca excreted 150 mg Ca/24 h period (Figure 3a) whereas broilers fed the same low NPP level in combination with 0.90% dietary Ca excreted ∼400 mg Ca in a 24 h period (Figure 3b ). This implies that a lower dietary NPP level with higher dietary Ca concentration might have caused a physiological imbalance sufficient to cause bone resorption and/or increased Ca absorption from gut with the increased urinary excretion of Ca. Imbalance is created at both lower and higher ratios of plasma Ca: P. Deluca (1979) has previously suggested that a homeostatic control mechanism exists for maintaining physiological levels of Ca and P. He suggested a homeostatic mechanism for these 2 minerals exists because of a series of related physiological changes that are known to occur with low or excess levels of nutrients in the system. Low blood P has been shown to stimulate the production of 1,25-(OH) 2 D 3 and increase ionized Ca which in turn suppresses the secretion of the parathyroid hormone. This is followed by reduced resorption capacity of kidneys for Ca and increased loss of Ca. These 2 factors contribute to elevated plasma P levels since 1,25-(OH) 2 D 3 stimulates mobilization of phosphate from bones and stimulates intestinal phos- phate absorption. Additionally, there will be a marked increase in the efficiency of renal tubular reabsorption of phosphate under conditions of hypophosphatemia (Steele and Deluca, 1976) . Under a hypophosphatemic signal, parathyroid hormone secretion is reduced, and therefore the effect of 1,25-(OH) 2 D 3 on bone mobilization of Ca and P is reduced but the intestinal Ca and P absorption or transport is increased. In the present study, an increase in the intestinal absorption of dietary P and Ca was indicated along with a simultaneous increase in % retention for both Ca and P (Figures 5a,b ; 6a,b; Tables 2 and 3 ).
The classical way of viewing P regulation is based on the Vitamin D, Ca, and parathyroid hormone axis; however, recent research findings have shown that the peptide fibroblast growth factor (FGF23) has been identified as a major component that can directly maintain P homeostasis in a biological system (Crenshaw et al., 2011) . FGF23 is expressed in and released from osteoblasts and osteocytes in hyperphosphotemia and acts on the kidney (proximal tubules that has receptors for FGF23) to suppress phosphate reabsorption and 1,25-(OH) 2 D 3 synthesis as exhibited in mice (Gattineni et al., 2009 ) thus increasing the loss of P in urine. In experiments conducted in chickens, the use of a synthetic peptide vaccine that produced autoantibodies to FGF23 has been shown to inhibit the activity of FGF23 resulting in reduced P excretion or increased P retention suggesting increased renal reabsorption of P (Ren et al., 2016; Ren et al., 2017) . Research has been performed in mice that showed when the serum P level was above 5 mg/dL, the FGF23 levels increased sharply when the serum Ca level was maintained at ≥8 mg/dL (Quin et al., 2013) . In context to present study, the reason plasma P was maintained at ∼8 mg/dL (threshold) when feeding higher levels of NPP could be due to probable rise in the FGF23 levels and subsequent urinary P excretion, when plasma Ca level was ∼8 mg/dL (Experiment 1) or well above 8 mg/dL (Experiment 2).
At 0.5% and 0.9% Ca levels, the break points for PP hydrolysis occurred at ∼0.30% NPP with ∼15% PP disappearance. Increasing NPP levels above 0.30% NPP did not change PP hydrolysis. The present research data indicates that broilers increase PP hydrolysis when fed low dietary levels of NPP and there was no added benefit in PP hydrolysis with higher levels of dietary Ca (0.9% Ca). Manangi and Coon (2008) observed a similar result in previously reported study for 21d old broilers with 0.5 and 0.9% Ca diets. With 0.9% Ca diets, they found the reduced PP hydrolysis with increasing levels of NPP (49.2% PP hydrolysis at 0.08% NPP to 4.2% PP hydrolysis at 0.45% NPP). Tamim and Angel (2003) observed the reduced PP hydrolysis with increased dietary Ca level. While NRC recommended dietary ratio of Ca: NPP (2.25:1) can still be a valid practice, present research indicates that an inclusion level of NPP above 0.30% does not continue to reduce PP hydrolysis or change the physiological contribution of P requirement.
In the present study, the Ca retention increased to 45.3% with an increase in dietary NPP levels until a 0.33% NPP level was provided with 0.5% Ca diets. With 0.9% Ca diets, a similar trend was observed, but the Ca retention reached inflection point at 0.24% NPP with 33.45% Ca retention (Figures 6a,b) . Hamdi et al. (2015) also noticed Ca retention decreased from 74% to 46% as the Ca dietary level increased to 0.9% (vs 0.5%) in young broilers. Increased Ca retention in broilers fed 0.5% Ca diets compared to 0.9% Ca diets could be due to increased absorption of Ca from the gut which is consistent with the fact that animals placed on a low calcium diet have a markedly more efficient intestinal absorption of Ca than animals on a high Ca diet (Nicolaysen et al. 1953 ). In sustained low Ca concentration, parathyroid hormone stimulates the conversion of vitamin D 3 to 1,25(OH) 2 D 3 which in turn improves the intestinal Ca absorption (Schröder and Breves, 2006) via mechanism involving protein kinase C and A dependent pathways (Friedman et al., 1996) . The higher urinary pH at lower dietary NPP concentrations was related to urinary Ca. Wideman et al. (1985) also reported increased urine pH with increased urinary Ca concentration. The present research does not show endogenous loss of Ca and P since the main objective of the study was to determine the 
